This paper reports recent advances in batch mode micro-electro-discharge machining (μEDM) for high precision micromachining of metal alloys such as stainless steel. High-aspect-ratio silicon microstructures with fine feature sizes formed by deep reactive ion etching are used as cutting tools. To machine workpiece features with widths 10 μm, a silicon dioxide coating is necessary to passivate the sidewalls of the silicon tools from spurious discharges. In the machined workpieces, a minimum feature size of ≈7 μm and an aspect ratio up to 3.2 are demonstrated by the batch mode μEDM of stainless steel 304 and titanium (Grade 1) substrates. Machining rates up to ≈5 μm min −1 in feature depth are achieved in batch mode micromachining of typical microfluidic structures, including arrays of channels and cavities of different sizes. The machined features are uniform across a die-scale area of 5 × 5 mm 2 . Other machining characteristics are also discussed.
Introduction
Stainless steel and other metal alloys are attractive as structural and packaging materials in microsystems because of superior mechanical strength, chemical resistance and other desirable properties. For example, stainless steel has been used for smart stents [1] , micro-packages for implantable devices [2] , microfluidic devices for gas chromatography [3] , high power micro-relays [4] and pressure sensors for oil-exploration [5] . Alloys of titanium have been used for packaging micromachined sensors for harsh environments [6, 7] , and for in vivo applications [8] . Metglas TM , a collection of magnetic alloys of Fe, Ni, and other metals, is used commercially in anti-theft tags [9] , and has been explored for microsensing applications [10] . 3 Author to whom any correspondence should be addressed.
The micromachining of metal alloys, however, is typically not amenable to traditional lithography-compatible microfabrication approaches. Mechanical processes like micromilling, microdrilling, etc, are effective on most varieties of alloys but the machining performance greatly depends on the mechanical properties of the workpiece material. The smallest machined features are typically larger than a few tens of microns [11] . These processes are also serial, resulting in lower throughput for complicated patterns. In addition, tool wear can contribute to non-uniformity in the machined parts. Laser machining and laser-induced wet-chemical etching can achieve features <10 μm but are also serial processes [12] . Electrochemical micromachining (ECM) has been used in both serial and batch modes, with resolution <20 μm. However, not all the metals contained in an alloy are etched at the same rate. Moreover, difficulty in electrolyte handling (e.g., for titanium alloys) and insoluble byproducts (e.g., for tungsten carbide) add to the complications of using ECM for these materials [11, 13] . Wet-chemical etching is typically limited to an aspect ratio <0.5 due to lateral undercutting. It also requires different etchants for different metal alloys [14] .
Micro-electro-discharge machining (μEDM) can complement other technologies in terms of resolution and throughput. It can be used to make microstructures from any electrically conductive material, including any metal alloy, with feature sizes down to 5 μm [11, 15] . This approach utilizes sequential spark microdischarges between a cutting tool (cathode) and a workpiece (anode) while both are immersed in dielectric oil. Material removal occurs by melting and evaporation with the thermal energy released during the discharge. A resistorcapacitor circuit precisely controls the discharge timing and the energy of each spark, allowing micro-scale features to be machined. The process can be applied in either serial or batch mode. In the serial (or milling) mode, a single rotating tool is scanned or scrolled across a workpiece surface for machining, giving limited throughput especially for complex patterns [15] . Batch mode μEDM (die sinking) uses a tool electrode with pre-formed patterns to machine multiple features in parallel [16] .
High-aspect-ratio microstructures with high precision in both geometry and location are necessary on the batch mode μEDM tool to achieve high precision machining. Traditionally the tools in die-sinking EDM are prepared by milling of copper or graphite. We previously reported a batch mode μEDM process that uses lithographically-defined, electroplated copper structures as cutting tools [17] . By using x-ray lithography [18] , it was possible to batch fabricate tools that have 20 μm feature width and height exceeding 300 μm. However, there is significant complexity in electroplating highaspect-ratio structures. As the aspect ratio of the plating mold increases, it becomes more challenging to maintain uniformity in the electroplating current, and the chemical integrity of the electroplating solution is compromised by local variations in flow characteristics. It also becomes more difficult to eliminate voids and to ensure that the seed layer is clear of photoresist and air bubbles at all plating sites. Moreover, it has been observed that electroplated copper structures soften and are prone to significant deformation and recasting into a mushroom shape during batch mode μEDM, degrading machining precision and surface quality, machining depth and tool wear [19, 20] . Also within the scope of batch mode μEDM, 'reverse EDM' uses a planar tool with through holes and/or other negative patterns to machine posts and/or other positive features [21] [22] [23] . Microwire electro-discharge machining (WEDM) has been used to machine an array of square rods using the length of a thin wire as the tool [24] . An array of rotary disc electrodes has been used as a tool to machine parallel array of straight microslits with μEDM [25] . This method and WEDM do not easily accommodate arbitrary shapes to be machined in parallel.
This paper reports the use of silicon as a cutting tool in batch mode μEDM 4 . The usefulness of Si in this role was anticipated in a patent [27] , for which preliminary results were obtained using wet-etched Si. This paper reports the first results obtained with high-aspect-ratio Si cutting tools 4 Portions of this paper appear in conference abstract form in [26] .
that are fabricated by deep reactive ion etching (DRIE). With the development and maturity of the DRIE technology, Si microstructures with high aspect ratio and ultra-fine feature sizes can be readily made. The process details are described in section 2. Die-scale batch-fabrication of several typical forms of microstructures for microfluidic devices is demonstrated on stainless steel 304 (SS304), SS316, and titanium (Grade 1) substrates, and the results are reported in section 3. The precision that can be achieved with Si cutting tools is assessed. Other process characteristics are also described and are followed by discussion in section 4.
Process description
Batch mode μEDM using Si as a tool material can benefit from the established DRIE technology in preparing high-aspectratio tool microstructures, achieving high precision in both geometries and positioning of the tool features.
Silicon as a tool material for μEDM
During the EDM process, both the tool and the workpiece are subjected to spark erosion, resulting in tool wear in addition to material removal from the workpiece. For lower tool wear, the preferred materials have high melting points, high thermal conductivity, high specific heat, and low electrical resistivity [28] . A numerical value, named the erosion resistance index (E I ), has been defined to indicate how resistant a material is to the spark erosion process [29, 30] . It is given by:
where k is the thermal conductivity in W (m K) -1 , c is the specific heat in J (kg K) -1 , and T m is the melting point in Kelvin. Although the index E I is not comprehensive and the effect of its quantitative value is arguable, it provides a first order assessment of the suitability of a material for a μEDM tool. Typically materials with higher E I tend to generate less wear when used as tools in regular machining conditions. In conventional macro-scale EDM, copper, graphite, tungsten and its alloys are most commonly used tool materials [28] . At the micro-scale, tungsten wire is the most popular choice of materials for tool electrodes in serial mode μEDM, while electroplated copper has been used for batch mode μEDM [15, 31, 32] . The relevant properties and the calculated E I indices of these materials are listed in table 1 and compared with those of p ++ Si, SS304 and Ti (Grade 1). The E I index for Si is smaller but comparable to those of other common tool materials 5 , and is several times larger than that of SS304 and Ti (Grade 1). Although it is not the best option for tool electrodes in terms of material properties, the major advantage of using Si as a tool material for batch mode μEDM is that there are readily available, matured processing technologies to generate high precision, high-aspect-ratio Si microstructures, such as DRIE [33] . 
Process details
The approach for batch mode μEDM using DRIE Si tools is shown in figure 1 . In one option, the preparation of Si tools starts with a heavily boron-doped, p ++ Si wafer (e.g., 0.001-0.005 cm resistivity). A layer of Cr (100-500 nm thick) may then be sputtered on the substrate and patterned to help with the initialization of the machining process. It can be skipped when using a low resistivity Si substrate. Highaspect-ratio Si structures can be formed by any variety of high-aspect-ratio Si etching processes [33] . In this work, the Bosch process is performed on a STS Pegasus DRIE tool (Surface Technology Systems, United Kingdom, now part of SPP Process Technology Systems Ltd). This process alternates etching and passivation steps for highly anisotropic etching of Si. In the etching step, SF 6 plasma anisotropically attacks the exposed Si, while in the passivation step, C 4 F 8 gas is used to create a protective polymer film [33] . After the Si microstructures are formed, an adhesion layer of Ti film of 10-20 nm thickness and an Au film of 200-500 nm thickness are evaporated on the backside of the Si wafer to help form lowresistance Ohmic contact between the Si tool and the μEDM discharge circuit. The wafer can then be diced into desired die sizes for use as cutting tools in batch mode μEDM. The Si tool die is then installed into the SmalTec TM EM203 μEDM machine for batch mode μEDM. A schematic drawing of this equipment, along with the customization for batch mode μEDM, is shown in figure 2 . The equipment can generate discharges with energy levels <100 nJ. The built-in XYZ motorized stages have 0.1 μm resolution [34] . The Z stage drives the cutting tool and provides the feeding motion during machining. The X-Y stages move the workpiece that is mounted on a worktable.
Batch mode μEDM is performed with machining control parameters developed according to desired machining conditions. These parameters include discharge voltage and capacitance, Z-stage feeding rate, and a set of parameters that determine the Z-stage motion pattern when short-circuit events occur. With proper selection of these parameters, the machining rate can be optimized for the desired feature geometry and dimension.
Debris generated in the μEDM process include particles removed from the workpiece and the tool, as well as carbon residue from the dielectric oil [20] . If not efficiently removed, the debris can accumulate between the tool and the workpiece. This can cause excessive secondary discharges and shortcircuit events, slowing down or even prematurely stopping the machining. A secondary discharge is an undesirable discharge between the cutting tool and debris, or between the workpiece and debris. A short-circuit event is an undesirable short circuit between the cutting tool and the workpiece, generally caused by direct physical contact, which prevents the initiation of a discharge.
Serial mode μEDM typically relies on spinning the axissymmetric tool to efficiently remove debris. In batch mode μEDM, tool rotation is not an option, but alternatives are available. For example, the dielectric oil can be injected near the machining region, creating a flow to flush debris. Additionally, the metal workpiece can be mounted on a vibrator which provides a dithering vertical motion in the feeding (Z) direction of the cutting tool at a frequency of 100 Hz and adjustable amplitude to facilitate removal of machining debris. This vibration also helps to avoid microwelding when a short circuit occurs between the tool and the workpiece. During the short-circuit events, the Z-stage retracts from the workpiece to break up the short circuit. The corresponding process control parameters define how the retraction is performed, including the distance, movement speed, discharge voltage status, etc. With proper selection of these parameters, a plunging motion can be triggered each time when there is a short-circuit event, to quickly squeeze dielectric oil out of the machined cavities on the workpiece, carrying along the accumulated debris in the gap.
Optional sidewall passivation coating for tools with 10 μm features
As noted above, the debris that is present in the discharge gap can initiate secondary discharge on the sidewalls and the base of the tool electrode during the machining process. For electroplated copper tools, this can cause excessive heating and recasting of the tool features into a mushroom shape. The debris can also become locally welded to both the workpiece and the tool after excessive accumulation and significant amount of spurious discharges [20] . A technique that adds an insulating layer on the sidewalls and base of the copper tools has been reported to reduce spurious discharges. A thin layer of sputtered Si is used for this purpose and discharges occur preferentially at the top of the tool which has the path of the least resistance [35] . For Si tools, softening and recasting is not as much a concern given its higher melting point and absence of a softening temperature. However, erosion on the sidewalls of the tool caused by spurious discharges can still be a serious issue especially for tools with wall thickness of <10 μm, causing premature damage of the tool structures. This issue is further compounded by the already-existing potential of damage from the local pressure fluctuations or shock waves formed in the dielectric oil due to the released heat from the discharges. Sidewall passivation coating for such tools can protect the sidewalls from spurious discharges while allowing machining discharges to occur mainly from the top of the tool structures.
A process sequence for the preparation of Si tools with SiO 2 passivation coating on the sidewalls and the base is shown as option 2 in figure 1. The process is adapted from the local oxidation of silicon process for CMOS transistor fabrication [36] . It starts with low-pressure chemical vapor deposition (LPCVD) of a silicon nitride film on a p ++ Si substrate. The nitride film is patterned by reactive ion etching (RIE), which is followed by DRIE of the bulk Si to form the high-aspect-ratio tool structures. Thermal oxidation of Si is then performed to grow a SiO 2 layer of selected thickness. The surfaces covered by the nitride film, including the top of the tool structures, have no SiO 2 grown. After oxidation, the nitride film is removed by hot phosphorus acid etching. Finally Ti/Au thin films are deposited on the backside of the wafer for electrical contact, and the wafer can be cut into smaller sizes for machining use.
Process characterization
The batch mode μEDM process using DRIE Si tools has been experimentally validated for several workpiece materials, including SS304, SS316, and titanium (Grade 1). The two types of stainless steel, SS304 and SS316, are examples of the most widely used stainless steel varieties. Both types have chromium and nickel content. Titanium (Grade 1) is unalloyed titanium with low oxygen composition. This is used as an example of the many varieties in the titanium/titanium alloy material category. The material properties and E I index for SS304 and Ti (Grade 1) are listed in table 1. Machining characteristics such as machining rates, tool wear ratios and machining uniformity are derived.
Fabrication of silicon tools with/without sidewall passivation
For process characterization, 5 × 5 mm 2 Si tools were prepared with various tool structures formed by DRIE, including features representing straight and curved channel arrays, round and square cavity arrays, cross channel array, etc. Three example tool structures, Si1-Si3, are shown in figure 3 and summarized in table 2. The initial p ++ Si wafer has a thickness of ≈550 μm.
The first two tool structures shown in figure 3 , Si1 and Si2, are examples of bare Si tools without SiO 2 coating. These structures have a height of 90 ± 3 μm and a minimum lateral feature size of 5 μm, giving an aspect ratio up to 18. The etching time for DRIE was 20 min, giving an etching rate of ≈4. The structure shown in figure 3(c) is an example of the Si tools with SiO 2 passivation coating on the sidewalls. During the fabrication, a low-stress LPCVD nitride film with a thickness of ≈150 nm was used for oxidation masking. The use of low-stress nitride film eliminates the need of a pad oxide layer underneath [36] . Regarding the minimum thickness necessary for the SiO 2 passivation layer, the breakdown field in thermal oxides (>1 × 10 7 V cm ) is considered to generate a preliminary estimation. For a discharge voltage up 
Machining of SS304 without tool sidewall passivation
The batch mode μEDM process with DRIE Si tools is evaluated on SS304 substrates. The tools were mounted on the custom electrode holder using conductive epoxy for preliminary implementation. Multiple sets of machining control parameters for batch mode μEDM were investigated to accommodate different machining situations caused by variations in feature geometry and dimension. For fine features at the micro-scale, a low discharge voltage of 50-80 V was used with a discharge control capacitance in the range of 10-100 pF. The machining rate, defined as the cutting depth per unit time, is typically affected by the settings of the control parameters. These have been optimized for each type of geometry and dimension range in the experiments to minimize the portion of time in idle, approaching, or retraction (due to short circuit), thus maximizing the portion of time in active discharge/machining. Selected machining parameters and characteristics are summarized in table 3. The test patterns were successfully transferred onto SS304 substrates, confirming the feasibility of using Si cutting tools for batch mode μEDM. Figure 4 shows the channel-array pattern that is defined on the cutting tool Si1 ( figure 3(a) ) and transferred onto SS304. The tool structure has a width of 40 μm and a length of 1 mm each. After μEDM, the channel width becomes 52 μm due to a discharge gap of ≈6 μm. The depth of the machined channels is ≈32 μm with a machining time of ≈6 min, giving a machining rate of ≈5 μm min −1 . Figure 4(b) shows the close-up view and the thermally-affected surfaces with color change beside the machined channels. The lateral extension of the thermally-affected surfaces beyond the machined features is caused by accumulated debris, and the resulting weaker secondary discharges that generate heat. However, the impact is insufficient to remove the workpiece material. Figure 5 (a) shows a 17 × 17 array of round cavities formed on SS304 using the Si2 tool pattern shown in figure 3(b) . The 20 μm tool diameter becomes the 26 μm hole diameter on the workpiece, indicating a discharge gap of ≈3 μm. The cavity depth is ≈22 μm with a machining rate of ≈3 μm min −1 . Figure 5 (figure 6). The tool used for this pattern has hole spacing of 250 μm and hole diameter of 40 μm, indicating a discharge gap of 4.5 μm. The hole diameters on the exit side of the SS304 foil are 1-3 μm smaller than on the entrance side, giving an almost vertical sidewall with an angle of ≈87
• -89
• . This angle can be further improved toward 90
• by further feeding the tool deeper into the workpiece after the workpiece has been cut through.
The wear ratio of the tool is given by the ratio of the tool volume worn to the workpiece volume removed [11] ; in batch mode μEDM, this is approximately equivalent to the ratio of the tool height worn to the machined depth on the workpiece. The wear ratio depends on many factors, including discharge energy and polarity, materials involved in discharges, effectiveness of debris removal, feature geometry and density, etc. For Si tools with the demonstrated machining conditions and patterns, the typical wear ratio is 1 ± 0.3 when the tool features have a lateral thickness of more than a few microns. Figure 7 (a) shows a Si tool Si1 after being used for machining a SS1 pattern of ≈15 μm depth. The tool wear ratio is ≈0.9. For comparison, figure 7 (b) provides a previous result that shows a post-use electroplated Cu tool without any coating on the sidewalls [35] . It is notable that the mushroom-shaped recast top present in the uncoated Cu tool does not appear in the Si tool. For tool features with a lateral wall thickness of a few microns, such as that shown in figure 3(c) , the tool structures are weakened by secondary discharges on the sidewalls and are prone to premature damage by the thermal shock waves during the machining. Thus, the machined depth of such features using uncoated Si tools are generally limited to <5 μm, typically accompanied by a total loss of the tool structures. For features with lateral dimensions 10 μm, superior machining results are obtained with protected tool sidewalls as described below.
Machining of 10 μm features using tools with sidewall passivation
To fabricate the feature sizes of 10 μm or smaller using Si tools, the lateral thickness of the tool structures is further reduced to a few microns due to the discharge gap on both sides of the tool. A SiO 2 layer for passivation and protection of the tool sidewalls is used for these tools, as well as other tools with larger feature sizes, to assess the effect of this coating layer on the μEDM process. Figure 8 (a) shows an array of straight channels, each with a width of ≈10 μm and length of 400 μm, formed on a SS304 substrate. These were made using the Si3 tool shown in figure 3(c) with a tool width of 5 μm and spacing of 25 μm. The discharge gap is ≈2.5 μm and the channel depth is ≈28 μm, giving an aspect ratio of 2.8. The machining rate is ≈0.8 μm min −1 . The machined depth, and thus, the aspect ratio, are significantly improved from those using uncoated Si tools. As shown in figure 8(b) , the tool structures remain intact except for the regular wear, while the uncoated tools with the same geometry were totally lost during the machining of much shallower channels. The wear ratio of the example shown in figure 8(b) is ≈1.0, comparable to the values of other larger uncoated tools. One issue that is under investigation is that the SiO 2 layer on the sidewalls appears to have peeled off near the top portion of the tool structure during machining. SiO 2 coatings of multiple thicknesses in the range of 180-530 nm were tested and similar results were obtained. The actual mechanism for the peel-off is uncertain, though it may be related to the thermal stress generated during the machining. When the thickness of the SiO 2 is larger (530 nm), the machining rate noticeably slows down, which is likely related to the reduction in the proportion of surface area at the tool top available for active discharges.
Figure 8(c) shows the variation of average measured discharge gap as a function of the discharge energy used for machining under otherwise identical machining conditions. The tool pattern was Si3 and a set of machining tests were performed on the same SS304 substrate. The discharge energy (E) is: • -88
where C is the discharge control capacitance and V is the discharge voltage between the tool and the workpiece. The value of C is varied between two options: 10 and 100 pF, while the value of V is changed among 60, 70, and 80 V. As shown in the figure, an approximate exponential relationship appears according to the dashed trend line. The fabricated features with different discharge energy have similar machined depth; however, the tool wear and surface roughness tend to degrade with larger discharge energy, consistent with the description in [17] .
Other typical microfluidic structures with various feature sizes were also evaluated. The machining characteristics for larger feature sizes are typically similar to those using uncoated Si tools. As one such example, shown in figure 9 is an array of curved channels with ≈14 μm width and >4.5 mm length formed through a 20 μm thick SS304 foil. The feature width on the SiO 2 coated tool is 10 μm, indicating a discharge gap of ≈2.0 μm. The variation of the channel width between the entrance and the exit sides is 1-2 μm, giving a machined sidewall that is approximately vertical and an angle of 87
• -88
• .
Machining of other workpiece materials
Other workpiece materials have also been tested for batch mode μEDM with Si tools, such as titanium (Grade 1) and SS316. As shown in table 1, the listed material properties of Ti (Grade 1) are very similar to those of SS304, thus an almost identical E I index and similar machining performance during EDM. The machining characterization results on Ti (Grade 1) match this prediction pretty well. Figure 10 shows the curved channel segments formed on a Ti (Grade 1) substrate with ≈17 μm width and >4.5 mm length. The pattern was formed using an uncoated Si tool with a tool width of 10 μm. The discharge gap is ≈3.5 μm. The machined depth is ≈55 μm with a machining time of 27 min, giving an aspect ratio of ≈3.2 and a machining rate of ≈2 μm min
. As can be seen in the image, the mirror surface of the raw Ti substrate is attacked by the accumulated debris during μEDM and the surface finish is degraded. Measurement of the roughness R a reveals that the average roughness value degrades from ≈8 nm on the virgin surface to ≈121 nm on the attacked surfaces. This attack is less obvious on SS304 as the virgin surface already has comparable roughness to the machined surfaces (table 3) . The machining results on SS316 are also similar to that of SS304, though the machined surface finish tends to be rougher.
Titanium (Grade 1) and SS316 are examples of other workpiece materials that can be processed by batch mode μEDM. The observed machining performance is similar to those of SS304 as summarized in table 3, which is not surprising given the comparable thermal material properties. In general, μEDM can be performed on any electrically conductive material, with variation in machining rate, tool wear and other characteristics corresponding to different material properties of the workpiece.
Discussion
During batch mode μEDM, the actual machining rate is reduced from the nominal rate at which the Z stage is advanced by short-circuit events occurring between the tool and the workpiece, as well as by the short circuits or secondary discharges between these components and the debris. These occurrences are normal to the μEDM process. To achieve faster machining rates, higher discharge energy can be used at the expense of achievable minimum feature size and surface quality.
For fine and closely-spaced features, effective debris removal from the gaps between the tool and the workpiece is essential for rapid machining and uniformity. Debris removal can be performed using any combination of the techniques identified in section 2.2, including effective oil flushing, worktable dithering and specially-designed control parameters for Z-stage retraction. The simultaneous use of these techniques typically provides the best results. Debris removal can also be further facilitated by hydrodynamic flushing. This can be done using a two-step machining method [35] . In the first step, narrow through-holes are formed in the workpiece; these become a path for debris to escape from the machining gap in the second step. Alternatively, through-holes for debris flushing can be integrated into the tool substrate if the pattern design allows. This technique was previously shown to help improve feature geometry quality and reduce tool wear in batch mode μEDM with electroplated Cu tools [35] . However, special tools and/or through holes on the workpiece are necessary and may not be feasible depending on the machining requirements.
The minimum feature size (L m ) that can be achieved in batch mode μEDM is given by:
where T m is the feature size of the tools and D g is the discharge gap. For Si tools made by DRIE with high-aspect-ratio positive structures, a feature size of 1-2 μm can be readily achieved with an aspect ratio >10 [33] . The discharge gap mainly relies on the amount of discharge energy but can also be affected by other factors such as debris removal effectiveness, etc. Typically a minimum value of 1-2 μm can be obtained. Given these, a minimum feature size L m of 3-5 μm is likely the limit. In this work, minimum feature size of ≈7 μm has been obtained with tools of 5 μm feature size. This may be further reduced by using smaller tool features and lower discharge energy.
The wear ratio of the Si tools is typically in the range of 1 ± 0.3. This means that for every 1 μm of machined depth on the workpiece, 0.7-1.3 μm tool height is worn away. This tool wear can be compensated by increasing the height of the Si microstructures, which can be readily achieved considering the capability of mature DRIE technology. The die-scale tools can also be readily replaced as these can be mass manufactured at the wafer scale. Tailoring of the thermal and electrical characteristics of the sidewall coating may further improve the tool wear ratio; this will be investigated in future effort.
In this work, the machining process has been demonstrated at the die scale. For wafer-scale manufacturing, certain equipment modifications and enhancement are anticipated. These include mechanisms to correct the curvatures of the tool wafer and the workpiece while maintaining the flatness and parallelism of both. Debris removal also becomes more challenging at the larger scale, and hydrodynamic flushing using tools with built-in debris exits may be needed to remove debris from the center region of the wafer. The simultaneous allowance of multiple discharges may also be needed for higher throughput during batch mode μEDM at the wafer scale [17] . In this, the tool structures are electrically partitioned into multiple groups; each group is connected to a separate discharge circuit, thus allowing simultaneous initiation of discharges and machining with each group.
Conclusions
The feasibility and mechanism of using DRIE Si cutting tools in batch mode μEDM have been verified and the process characteristics have been assessed. The machining process has been successfully demonstrated on SS304, SS316 and Ti (Grade 1) with various feature geometries (channels and cavities) and dimensions ( 7 μm) . Aspect ratios up to 3.2 and machining rates up to ≈5 μm min −1 . have been achieved. For machining of ultra-fine features with sizes 10 μm, a process sequence has been described for preparation of Si tools with SiO 2 coatings to passivate and protect the tool sidewalls from spurious discharges. The effectiveness of the coated Si tools has been verified. These experiments substantiate the potential of the process for a variety of applications, which will be pursued in future effort.
